Sunlight exposure is known to affect mood, learning, and cognition. However, the molecular and cellular mechanisms remain elusive. Here, we show that moderate UV exposure elevated blood urocanic acid (UCA), which then crossed the blood-brain barrier. Single-cell mass spectrometry and isotopic labeling revealed a novel intra-neuronal metabolic pathway converting UCA to glutamate (GLU) after UV exposure. This UV-triggered GLU synthesis promoted its packaging into synaptic vesicles and its release at glutamatergic terminals in the motor cortex and hippocampus. Related behaviors, like rotarod learning and object recognition memory, were enhanced after UV exposure. All UV-induced metabolic, electrophysiological, and behavioral effects could be reproduced by the intravenous injection of UCA and diminished by the application of inhibitor or short hairpin RNA (shRNA) against urocanase, an enzyme critical for the conversion of UCA to GLU. These findings reveal a new GLU biosynthetic pathway, which could contribute to some of the sunlight-induced neurobehavioral changes.
INTRODUCTION
Although UV exposure is associated with several skin diseases, moderate UV exposure is beneficial for human health. For example, UVB light, one form of radiant energy from sunlight, promotes vitamin D generation in the skin (Bouillon, 2017; Hart et al., 2011) . UV radiation has been used to treat certain diseases, such as psoriasis, atopic dermatitis, eczema, cutaneous T cell lymphoma, vitiligo, and uremic pruritus (Ada et al., 2005; Archier et al., 2012; Johnson-Huang et al., 2010; Radack et al., 2015) . Interestingly, UV light not only causes peripheral effects, but also is associated with various neurological behaviors linked to the CNS. Specifically, moderate UV exposure has been shown to affect mood, addiction, cognition, and memory (Beecher et al., 2016; Benedetti et al., 2001; Dominiak et al., 2015; Fell et al., 2014; Keller et al., 2005; Kent et al., 2009; Parrott and Sabini, 1990) . However, relatively little is known about the molecular and cellular mechanisms that mediate UV-induced neurobehavioral changes.
Chronic UV exposure results in alterations in levels of proteins, peptides, and small molecules in the skin or blood, such as melanin, b-endorphin, vitamin D, and nitric oxide (Bouillon, 2017; D'Orazio et al., 2006; Fell et al., 2014; Hart et al., 2011; Holliman et al., 2017) . Mounting evidence suggests that these peripheral changes in chemical substances in the blood induced by UV exposure may affect the brain. For example, UV exposure elevates skin b-endorphin, which may cross the blood-brain barrier (BBB), thus resulting in opioid-related antinociception and inducing addiction to UV light in mice (Fell et al., 2014) . This finding suggests a connection between UV light-induced peripheral changes in circulating substances in the blood stream and brain function. In addition, levels of a small molecule called urocanic acid (UCA) in both epidermis and plasma have been found to increase immediately after UV exposure (Baden and Pathak, 1967; Kammeyer et al., 1997; Ruegemer et al., 2002) . This compound absorbs UV light and thus confers UV ray-resistance (Barresi et al., 2011; Gibbs et al., 2008; Kammeyer et al., 1997; Ruegemer et al., 2002) . The biological effects of elevated UCA in blood on the human body, particularly on brain function, have not been reported. Overall, it remains challenging to link UV exposure-induced alterations in the small molecules levels in the blood with their changes in the brain, owing to the lack of appropriate technical support for the sensitive and accurate measurement of intracellular metabolites at single-neuron level. Recently, we have established a single-cell mass spectrometry (MS) method based on the combination of patch clamp and MS technologies, which can be used to study the metabolic processes of intracellular constituents in single neurons (Zhu et al., 2017) . Here, we used this new technology to probe the molecular and metabolic mechanisms in single neurons that regulate UV exposure-induced neurobehavioral changes, such as improved motor learning and recognition memory.
RESULTS
Single-Cell MS Detects UCA in Individual Central Neurons Using technology that we have recently developed by integrating induced-nanoelectrospray (InESI)/high-resolution-MS with an electrophysiological patch-clamp recording platform, we have detected thousands of possible chemical constituents in single neurons, and more than 50 have been identified in our recent report (Zhu et al., 2017) . Beyond the detection of various regular metabolites, such as amino acids, saccharides, lipids, and neurotransmitters, most striking was the discovery of UCA in single hippocampal (HPC) neurons of mice (Figures 1A and 1B) , because this small molecule has not previously been reported in the brain. Furthermore, its chemical structure was confirmed by performing tandem MS (MS/MS) on single neurons from the HPC (Figures 1C and S1A) . UCA was detected in all examined neurons from six brain regions (Figures 1D and S1B) including the prefrontal cortex (PFC), secondary motor cortex (M 2 ), central nucleus of the amygdala (CeA), nucleus accumbens (NAc), dorsal striatum (DS), and HPC, suggesting a wide distribution of UCA in the brain. The concentrations of UCA in single neurons ranged from 55 to 95 mM according to the calibration curve obtained using a UCA standard ( Figure 1E ). In addition, UCA was present in the cerebrospinal fluid (CSF) ( Figure 1F ).
UV Exposure Elevates UCA Level in the Brain
Previous reports suggest that UV exposure changes UCA levels in the peripheral skin, blood, and urine (Baden and Pathak, 1967; Kammeyer et al., 1997; Ruegemer et al., 2002) . To assess whether UV exposure also alters UCA levels in the brain, we developed a UV-exposure mouse model based on results from previous studies (Fell et al., 2014) . Briefly, mice were dorsally shaved and were administered a low dose of 7 mW /cm 2 UVB for 2 hr (Figure 2A ), which is equivalent to 30 min of sunlight exposure (D'Orazio et al., 2006; Fell et al., 2014) . A significant increase in serum UCA levels was observed after UVB exposure, and this elevation lasted for at least 240 min (Figures 2B, S2A, and S2B) . Additionally, UCA levels in the CSF also increased by $2-fold after 120 min of UVB exposure (Figures 2C and S2C) . Moreover, single-cell MS revealed that the intracellular levels of UCA were markedly elevated in single neurons from most brain regions including PFC, M 2 , HPC, and DS of mice after 2-hr exposure to UVB light (Figures 2D and 2E) . This effect of UVB is reversible because the UVB exposure-induced increase in intracellular level of UCA dropped to near zero when measured at 24 hr after UVB exposure (Figures S2D and S2E) . One possible reason for the increase in brain UCA level after UVB exposure is the entry of elevated UCA in the blood into the brain. To test this idea, we then intravenously (i.v.) injected UCA, which triggered a significant increase in serum UCA levels in a dose-dependent manner ( Figure S2F ). The UCA dose (i.v., 20 mg/kg) that caused a similar amplitude of increase in blood UCA was selected and used in the later experiments to mimic the UVB-induced elevation of circulating UCA. The i.v. UCA indeed remarkably increased the level of UCA in the CSF of mice (Figures 2F and S2G) . Moreover, a significant increase in serum ( Figure S2H ), CSF (Figures 2G and S2I) , and HPC intracellular (Figures 2H and S2J) 13 C 3 -UCA was observed after the i.v. administration of 1,2,3-13 C 3 -UCA, thus providing direct evidence that UCA is able to cross the BBB and then enter neurons. Meanwhile, consistent with UVB exposure, i.v. administration of UCA also increased the intracellular UCA level in the same brain regions including PFC, M 2 , HPC, and DS (Figures 2I,  S2K-S2M, and S2O) . Surprisingly, neither UVB exposure nor i.v. UCA affected intracellular level of UCA in NAc neurons (Figures 2E, 2I, and S2N) , possibly due to a much lower permeability of BBB for certain small molecules in NAc compared to other brain regions ( Figures S2P-S2U ). Overall, these findings suggest that the circulating UCA may be capable of crossing the BBB and entering neurons in most brain areas.
Histidine-UCA-Glutamate: A Novel Glutamate Biosynthetic Pathway in Neurons UCA has been reported to exist only in the peripheral system, such as skin, liver, blood, and urine (Baden and Pathak, 1967; Cook, 2001; Kammeyer et al., 1997; Ruegemer et al., 2002) . In mammal liver and other peripheral tissues, UCA is an intermediate in the conversion of histidine (HIS) to glutamate (GLU) ( Figure 3A ) (Brown and Kies, 1959; Cook, 2001; Merritt et al., 1962) . Interestingly, our single-cell MS analysis detected not only HIS, UCA, and GLU but also two other intermediates involved in the liver HIS-UCA-GLU metabolic pathway, specifically 4-imidazolone-5-propionic acid (IPPA) and formiminoglutamic acid (FMGA), in single HPC neurons ( Figures 3B-3D and S3A-S3D).
To verify the existence of HIS-UCA-GLU metabolic pathway throughout the brain, using single-cell MS technology, we collected and analyzed the intracellular samples from >300 neurons randomly selected in 15 brain regions in the sagittal mouse brain slices pre-incubated with HIS or saline. HIS incubation significantly induced a 1-to 2-fold increase in the intracellular level of UCA, IPPA, FMGA, and GLU in all brain regions, suggesting a wide distribution of HIS-GLU metabolic pathway throughout the brain (Figures S3E-S3H ). It is likely that this GLU biosynthetic pathway may exist in specific cell types in the brain because the amplitudes of increase in these HIS metabolites varied in distinct neurons, even from the same brain region ( Figures S3E-S3H ).
Stable isotopic 13 C-labeling is one of the most common methods used to identify in vivo chemical metabolic pathways (Zamboni et al., 2009) . Therefore, we next incubated PFC neurons in brain slices with 13 C-labeled HIS (1-13 C-HIS) for 1 hr, extracted intracellular constituents, and analyzed them using singe-cell MS. We observed significantly higher 13 C-HIS/ HIS, 13 C-UCA/UCA, 13 C-GLU/GLU, and 13 C-IPPA/IPPA ratios in neurons pre-incubated with 13 C-HIS compared with those in untreated neurons , thus providing direct evidence of the conversion of HIS to UCA and GLU in single neurons.
Additionally, western blotting analysis suggested that key enzymes involved in the liver HIS-UCA-GLU pathway, including histidase, urocanase, and imidazolonepropionase (IPPAnase), are also present in many brain regions, including the PFC, motor cortex (MC), NAc, DS, CeA, HPC, superior colliculus (SC), hypothalamus (HT), cerebellum (CB), and brain stem (BS) (Figures 3F, 3G, . The expression of these key enzymes was also demonstrated by immunohistochemistry and in situ hybridization ( Figures S3Q-S3T ). Additionally, these enzymes were also detected in synaptosomes isolated from the mouse brain, suggesting an existence of this metabolic pathway in the neuronal synaptic terminals ( Figure S3U ).
Next, dipeptide glycyl-glycine (GG) as the urocanase inhibitor (Hunter and Hug, 1989) was applied to test the physiological roles of urocanase in neurons ( Figures S3V-S3KK ). Incubation with either HIS or UCA dramatically increased the concentration of GLU in neurons, and this effect was abolished by preincubation with GG ( Figures 3H, 3I , and S3LL-S3PP). Furthermore, the i.v. injection of 13 C 3 -UCA significantly increased the 13 C/ 12 C ratio of 13 C 3 -UCA,
13
C 3 -IPPA,
C 3 -FMGA, and 13 C 3 -GLU in single neurons of HPC ( Figure S2J ), suggesting that the UCA-GLU metabolic pathway functions in vivo as well.
UV Exposure Promotes GLU Biosynthesis in the Brain
Single-cell MS revealed that intracellular levels of metabolites involved in UCA-GLU pathway, including UCA, IPPA, FMGA, and GLU, were all markedly increased in single neurons of mice after exposure to UVB light (Figures S4A-S4D ; Table S3) . (C) UCA levels in mouse CSF before (blue dots, N = 3 mice) and after (red dots, N = 3 mice) 2 hr of mock-UV or UVB exposure.
(D and E) Representative MS/MS spectra (D) and normalized intensities (E) of intracellular UCA in single neurons of the PFC, M 2 , HPC, NAc, and DS in mice exposed to mock-UV or UVB. All data were normalized to their respective controls (mock-UV groups). (F) The normalized intensities of UCA in the CSF before and after i.v. injection of UCA (20 mg/kg, 30 min). (G and H) The normalized 13 C 3 -UCA/UCA ratio in the mouse CSF (G) and single HPC neurons (H) after i.v. injection of saline or 13 C 3 -UCA (20 mg/kg, 30 min).
(I) The normalized intensities of intracellular UCA in single neurons from the PFC, M 2 , HPC, NAc, and DS of mice after i.v. injection of UCA (20 mg/kg, 30 min) or saline. All data were normalized to their respective controls (i.v. saline group). All digits within the columns represent numbers of total neurons measured from 3 mice. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant (p > 0.05) based on unpaired t test. See also Figure S2 .
The urocanase inhibitor GG blocked the UV-induced increase in GLU ( Figures 4A and 4B ) but not UCA ( Figure S4E ) in these neurons, thus suggesting that UVB exposure-induced GLU elevation is primarily due to the activation of the UCA-GLU metabolic pathway in brain. This hypothesis was further confirmed by evidence showing that the knockdown of urocanase expression ( Figure S4F ) using lentiviral short hairpin RNAs (shRNAs) also considerably inhibited UVB exposure-induced increases in GLU ( Figures 4C and 4D ) but not UCA ( Figure S4G ) in HPC neurons. Furthermore, intra-HPC injection of AAV-shRNA against IPPAnase attenuated the UVB exposure-induced increase in intracellular levels of FMGA, but not UCA and IPPA, while intra-HPC injection of AAV-shRNA against FTCD only blocked the UVB exposure-induced increase in intracellular levels of GLU, but not UCA, IPPA, and FMGA ( Figures S4H and S4I ). Interestingly, both intracerebroventricular (i.c.v.) injection of GG alone and intra-HPC injection of urocanase, IPPAnase, or FTCD shRNA alone significantly increased the intracellular level of C-GLU/GLU ratios in single neurons from the HPC slices with or without 13 C-HIS (3 mg/mL, 1 hr) preincubation.
(F and G) Western blot (F) and normalized band intensity (G) Figures S4J-S4M ).
To exclude the possibility that UVB light might cause an elevation in brain UCA and GLU through the visual system of mice, we used triple knockout (Gnat
) mice that lack functional photoreceptors in their retinas and are completely blind (Xue et al., 2011) . UVB exposure still markedly increased UCA and GLU levels in single neurons of the HPC in these blind mice ( Figures 4E and S4N-S4Q ), thus suggesting a mechanism independent of the visual system. We again i.v.-injected UCA to mimic the UVB-induced increase in blood UCA. Single-cell MS revealed a significant increase in the concentration of GLU in single neurons from various brain regions, including the PFC, M 2 , HPC, and DS but not the NAc .
In vivo 1 H magnetic resonance spectroscopy (MRS) was applied to detect GLU signals according to the primary resonance peaks that exhibited a chemical shift around 2.3 ppm, which represent the GLU concentration in the brain (Zielman et al., 2017) . Experiments were carried out to determine whether the systemic administration of UCA affects GLU levels in the brain in vivo ( Figure S4V ). Our MRS data from mice at 9.4T consistently showed a significant elevation of GLU signals in both the HPC ( Figure 4G ) and M 2 ( Figure 4H ) at 40 min after i.v. UCA injection.
Glutamatergic Synaptic Transmission Is Enhanced following UVB Exposure
In addition to participating in protein synthesis and cellular energy metabolism (Nedergaard et al., 2002) , GLU plays indispensable roles as an excitatory neurotransmitter in the vertebrate nervous system (Meldrum, 2000; van den Pol et al., 1990) . It is unclear whether UVB exposure-induced increases in GLU in neurons affect glutamatergic synaptic transmission. Using electrophysiological recording of brain slices, we next examined GLU release by neuronal projections from the HPC CA3 area to the CA1 area as an example, because this pathway is one of the two main glutamatergic inputs received by CA1 neurons (Sun et al., 2014; Taká cs et al., 2012) . First, the pAAVmCamKIIa-hChR2(H134R)-EGFP virus was injected into CA3 to express channelrhodopsin 2 (ChR2) along the GLU CA3/CA1 neuronal projections ( Figures 5A and 5B). Then, CA1 pyramidal neurons were patched, and only those neurons responding to optical stimulation with blue light (473 nm) were selected for subsequent tests ( Figure 5C ). The miniature excitatory postsynaptic currents (mEPSCs), which result from the spontaneous release of GLU quanta from individual vesicles, were recorded in the hippocampal slices after the mice were exposed to mock-UV or UVB ( Figure 5D ). UVB exposure significantly increased the amplitude ( Figure 5E ) but not the frequency of mEPSCs (Figure S5A) , thus suggesting a possible increase in GLU levels in the neuronal terminals. Moreover, this effect was attenuated by the i.c.v. administration of GG ( Figures 5E and S5A ) or intra-HPC CA3 injection of AAV-shRNA against urocanase before UVB exposure ( Figures 5F and S5B ).
The increase in amplitude of mEPSCs may be attributable to more GLU content packaging per quanta (i.e., per presynaptic vesicle), in agreement with our findings that UVB exposure increases intracellular GLU levels in HPC neurons, as mentioned above. To confirm this possibility, we used a method combining optogenetics and multiple-probability fluctuation analysis (MPFA), which facilitates the input-specific quantification of quantal parameters of glutamatergic synaptic transmission (Mitchell and Silver, 2000; Suska et al., 2013) . To stimulate GLU CA3/CA1 presynaptic terminals, we optically applied a five-pulse train (at 20 Hz), which was used to set excitatory synapses to five repetitive and consistent release states for the MPFA ( Figure 5G ). Data from individual cells typically fit a symmetrical parabola curve ( Figure 5H ), in agreement with a binomial model of synaptic transmission (Mitchell and Silver, 2000; Suska et al., 2013) . Quantal size (Q), representing the GLU concentration in single presynaptic vesicles from GLU CA3/CA1 neuron-projecting terminals, significantly increased after UVB exposure ( Figure 5I) . However, other possible factors affecting glutamatergic transmission, such as the number of synapses (N) and the release probability (Pr), were not altered by UVB exposure (Figures S5C and S5D) . Furthermore, the UVB exposure-induced increase in Q value was also diminished by intra-HPC CA3 injection of AAV-shRNA See also Figure S4 and Table S3 .
against urocanase ( Figure 5J ). Except for vesicular glutamate content, the other factor affecting quantal size is the alteration of synaptic AMPA receptors. This possibility can be excluded because the ratio of AMPA to NMDA receptor components of evoked excitatory postsynaptic currents (eEPSCs) was not influenced by UVB exposure ( Figure S5E ). (F) Average amplitudes of mEPSCs of CA1 neurons from mice with or without mock-UV, UVB exposure, and intra-HPC injection of AAV-shRNA (0.5 mL/side, 1.3 3 10 12 vg/mL) against urocanase or random control shRNA (shRandom, 0.5 mL/side, 1.6 3 10 12 vg/mL).
(G) EPSCs were triggered by the optical stimulation of GLU CA3/CA1 neuronal fibers. Example traces of 100 overlapping synaptic responses from mice exposed to mock-UV or UVB.
(H) MPFA of the example recordings in (G) .
(I) The quantal parameters Q were derived from the parabolic fit of the variance-mean analysis.
(J) Effects of intra-HPC injection of AAV-shRNA (0.5 ml/side, 1.3 3 10 12 vg/mL) against urocanase on UVB exposure-induced increase in the quantal parameters Q. All digits within the columns represent numbers of total neurons measured from at least 3 mice. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01 based on unpaired t test. See also Figure S5 .
Evidence has emerged suggesting that the projecting neurons from MC to DS are also glutamatergic (Hintiryan et al., 2016; Kreitzer and Malenka, 2008; Rothwell et al., 2015; Yin et al., 2009) . Therefore, we next measured GLU release by neuronal projections from M 2 to DS because intracellular GLU levels in M 2 also increased after UVB exposure ( Figure 4B ). Anterograde tracing with pAAV-mCamKIIa-hChR2(H134R)-EGFP indeed verified the glutamatergic pathway from M 2 to DS ( Figure S5F ). A similar scenario occurred in the GLU M2/DS circuit, where UVB exposure significantly increased the mEPSC amplitude and presynaptic quantal size of GLU ( Figures S5F-S5P ).
UVB Exposure Improves Motor Learning and Recognition Memory via the UCA-GLU Metabolic Pathway in the Brain
Emerging evidence has suggested that the glutamatergic circuit from the MC to the DS is involved in motor learning (Rothwell et al., 2015; Yin et al., 2009 ). Therefore, we asked whether UVB exposure affects motor learning ability by initiating the UCA-GLU metabolic pathway in M 2 neurons and subsequently activating GLU M2/DS circuits. Mice received 50 mJ/cm 2 UVB exposure before 3 trials with typical accelerating rotarod training each day for 2 days ( Figure 6A ). The motor skill learning of mice in the accelerating rotarod task was dramatically improved after UVB exposure ( Figure 6B ). This effect was markedly inhibited by the i.c.v. administration of GG 15 min before UVB exposure ( Figure 6C ). To mimic the UVB-induced increase in circulating UCA, we intravenously injected UCA and observed that the rotarod skill learning ability of the mice was also significantly enhanced ( Figure S6A ). Additionally, this effect was blocked by the i.c.v. injection of GG ( Figure S6B ).
Additionally, a large body of evidence suggests a role of GLU CA3/CA1 neurons in long-term recognition memory (Brun et al., 2002; Clarke et al., 2010) . Thus, we next carried out a novel object recognition test to determine whether UVB exposure affects the recognition memory of mice and whether the intracellular UCA-GLU metabolic pathway in HPC CA3 neurons is involved. Mice were exposed to two identical objects placed at an equal distance ( Figure 6D ). The time spent exploring each object was recorded, and the object preference percentage demonstrated no distinction between both objects on the left and right sides (Figure S6C) . The next day, the mice were allowed to explore the open field in the presence of a familiar object and a novel object to test recognition memory. Long-term (24 hr), but not short-term (2 hr), recognition memory of mice was significantly improved by the UVB exposure ( Figure (E) The preference of mice for familiar and novel objects during a 3-min test at 24 hr after familiarization. Mice were exposed to mock-UV or UVB for 2 hr before the test. (F) The object preference of mice after i.c.v. injection of GG (13.2 mg, 1 mL) or saline and subsequent UVB exposure. (G) The object preference of mice after intra-HPC CA3 injection of urocanase shRNA (0.5 mL/side, 10 9 TU/mL) or shRandom (0.5 mL/side, 10 9 TU/mL) and subsequent UVB exposure. All digits within the columns represent numbers of mice in each group. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant (p > 0.05) based on unpaired t test; See also Figure S6 .
UCA ( Figures S6D and S6E ). Interestingly, despite of distinct sensitivities of the skin of different genders to UV light, there was little difference between male and female mice in terms of UVB exposure-induced changes in brain UCA-GLU metabolic pathway, rotarod learning, and object recognition memory ( Figures S6-S6H ).
The UVB exposure-induced improvement of recognition memory was markedly diminished by either i.c.v. injection of a urocanase inhibitor ( Figures 6F, S6I , and S6J) or knockdown of urocanase expression in the HPC CA3 regions by using a lentiviral shRNA against urocanase ( Figures 6G, S6K , and S6L).
DISCUSSION
This study provides the first evidence of a novel GLU biosynthetic pathway in neurons, as detected with our recently developed single-cell InESI/MS technology (Zhu et al., 2017) . Although the HIS-UCA-GLU pathway in the liver has been previously described (Brown and Kies, 1959; Cook, 2001; Merritt et al., 1962) , it is unclear whether this pathway exists in the CNS. All metabolites and enzymes related to the liver HIS-UCA-GLU pathway were also present in single neurons in various brain regions. A detailed pathway was further confirmed by direct evidence showing that incubation with 13 C-HIS and i.v. injection of 13 C-UCA both resulted in a significant increase in 13 C-UCA and 13 C-GLU in single neurons. These discoveries expand knowledge of other biosynthetic GLU pathway in neurons beyond the quintessential pathways, such as the tricarboxylic acid cycle originating with glucose and the GLU-glutamine cycle between neurons and astrocytes (Bé langer et al., 2011) . The presence of HIS-UCA-GLU pathway in the CNS is supported by the clinical findings showing that histidinemia and urocanic aciduria, which are autosomal recessive metabolic disorders due to histidase and urocanase deficiency respectively, are both associated with multiple central developmental symptoms, including learning difficulties, speech or language disturbances, subnormal intelligence, and mental retardation (Davies and Robinson, 1963; Espinó s et al., 2009; Kalafatic et al., 1980; Lott et al., 1970; Raisová and Hyá nek, 1986) , presumably because of lower GLU synthesis in neurons during brain development, based upon our findings.
This study indicates that the single-cell MS technology is a valuable tool to study novel metabolic pathways in the brain at the single-cell level. The use of single-cell MS to study cell metabolism is more advantageous than conventional methods using tissue homogenates or cell populations, which are limited to the measurement of average values. For example, UCA has previously been identified in the peripheral system, including the blood, skin, liver, and urine (Baden and Pathak, 1967; Cook, 2001; Kammeyer et al., 1997; Ruegemer et al., 2002) . However, it has not previously been detected in the CNS. Conventional chemical analysis using brain tissue homogenates may result in several drawbacks, such as the over-dilution of constituents at low concentrations, cellular diversity and complexity, and possible decomposition during tedious sample pretreatment and chromatographic separation (Altschuler and Wu, 2010; Zenobi, 2013) , all of which greatly affect the precise measurement of target compounds.
Although overexposure to UV radiation may cause several adverse health effects, moderate UV exposure greatly benefits physical and mental health at multiple levels. Moderate UV-light exposure affects behaviors related to the CNS, such as emotion, learning, and memory (Beecher et al., 2016; Benedetti et al., 2001; Cunningham, 1979; Dominiak et al., 2015; Fell et al., 2014; Keller et al., 2005; Parrott and Sabini, 1990) , although it is far from clear what mechanism mediates this phenomenon. We demonstrate that UV exposure triggers elevation of blood UCA, which in turn crosses the BBB and enters neurons to participate in the biosynthesis of GLU. The increase in neuronal GLU synthesis may result in more GLU packaging into synaptic vesicles and more GLU release from nerve terminals, thus strengthening glutamatergic neural circuits such as GLU M2/DS or GLU CA3/CA1 projections and related behaviors such as motor learning and recognition memory. Our results may suggest a universal mechanism for UV exposure-induced neurobehavioral changes related to the CNS: certain chemical substances generated in the blood by UV exposure enter the brain through the BBB and then alter neuronal excitability. Additional strong evidence supporting this hypothesis consists of a recent finding that UV exposure elevates circulating b-endorphin, which acts on the CNS and results in opioid receptor-mediated addiction to UV light (Fell et al., 2014) . Because GLU plays multiple roles in the CNS, including protein biosynthesis at the amino acid level (Nedergaard et al., 2002) , disposal of excess or waste nitrogen (Melo-Oliveira et al., 1996) , and signal transduction between neurons as the most abundant excitatory neurotransmitter (Meldrum, 2000; van den Pol et al., 1990) , the UV-activated intracellular UCA-GLU metabolic pathway in neurons is likely to be involved in sunbathing-related neurological conditions in addition to learning and memory, such as mood improvement, addiction, cognition, and brain development.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Science and Technology of China (USTC) and the Chinese Academy of Sciences (CAS). Mice were group-housed in groups of 2-5 with a 12-h light/ dark cycle (lights off at 7 p.m.) and free access to food and water ad libitum under specific pathogen-free conditions. Male C57BL/6J mice were used for all experiments unless otherwise specified. Male triple knockout (TKO) mice (rod a transducin knockout, Gnat
À/À
; cyclic nucleotide gated channel alpha 3 knockout, Cnga3
; melanopsin knockout, Opn4 À/À ) were used for sampling. The C57BL/6J mice were purchased from Beijing Vital River Laboratory Animal Technology. Genotyping of the TKO mice was performed using the primers provided in Table S1 . Experimenters were blinded to all experimental conditions until all data were obtained. Unless otherwise specified, the mice were randomly assigned to control or treatment groups in all experiments.
Cell Culture HEK293T cell line (female) was a kind gift from Dr. Xue T (USTC) and accompanied by authentication documents verifying the identity according to their short tandem repeat profiles. HEK293T cell line was cultured in Dulbecco's Modified Eagle's medium (DMEM) (HyClone) supplemented with 10% fetal bovine serum (GIBCO) at 37 C and 5% CO 2 .
METHOD DETAILS UVB Irradiation
Mice were dorsally shaved 2 days before the start of radiation exposure. During the UVB irradiation experiment, mice were kept in an acrylic chamber (15 3 30 3 50 cm) with a power-adjustable UVB lamp (G15T8E, Sankyo Denki, Japan) on top. The shaved mice were exposed to 50 mJ/cm 2 of UVB (7 mW/cm 2 , 120 min) and then placed back to their home cages before testing. The irradiation intensity of UV was detected using a UV irradiometer (Photoelectric instrument factory of Beijing normal university, Beijing, China) placed on the bottom of the acrylic chamber. The suberythematic dose was determined on the basis of previous studies (D 'Orazio et al., 2006; Fell et al., 2014) .
Mouse Serum and Cerebrospinal Fluid (CSF) Preparation
For serum collection, the mouse blood was collected into regular 1.5 mL Eppendorf tubes and stored at room temperature for 30 min, and then centrifuged for 10 min at 4500 rpm (PICO 17, Thermo Scientific, USA) at 4 C. The supernatant was transferred to a vial and stored at À20 C until analyzed by mass spectrometry (MS). To collect mouse CSF samples, the Isoflurane-anesthetized wild-type male C57BL/6J mice were mounted on a stereotaxic system (68015, RWD Life Science, China). After drilling through the skull, a 5 mL syringe (Hamilton) was lowered into the lateral ventricle (1.0 mm lateral, 0.3-0.5 mm posterior, 2.3-2.5 mm depth from bregma). CSF was withdrawn at a rate of 400 nL/min. Approximately 1 mL of CSF was collected per mouse. 
Brain Slice Preparation
The secondary motor cortex (M 2 ), hippocampus (HPC), central nucleus of the amygdala (CeA), dorsal striatum (DS), nucleus accumbens (NAc) and prefrontal cortex (PFC) slices were prepared from C57BL/6J mice aged P28-P30. The mice were sacrificed and then the brains were rapidly removed from the skull and immersed in ice-cold pre-oxygenated cutting solution containing sucrose 194 mM, NaCl 30 mM, NaHCO 3 26 mM, MgCl 2 1 mM, glucose 10 mM, KCl 4.5 mM, and NaH 2 PO 4 1.2 mM, pH 7.4. Coronal sections (300 mm) were cut using a Vibratome (VT 1200S, Leica, Germany). The tissue slices were incubated in a holding chamber containing oxygenated (95% O 2 and 5% CO 2 ) artificial cerebrospinal fluid (aCSF), which consisted of NaCl 124 mM, NaHCO 3 26 mM, KCl 4.5 mM, NaH 2 PO 4 1.2 mM, MgCl 2 1 mM, CaCl 2 2 mM, and glucose 10 mM (pH 7.4; osmolality, 315 mOsm/kg). For the mouse brain slices (coronal or sagittal planes) recovered from mechanical injury, they were incubated at 32 C oxygenated (95% O 2 and 5% CO 2 ) aCSF for approximately 30 min and then cooled to room temperature (21-23 C) at least 30 min before recording.
Single-Neuron MS
After extraction of the cell cytoplasmic chemical constituents, the capillary was coupled to the single-neuron MS, which had been fabricated as previously described (Zhu et al., 2017) . After the brain slices recovered from mechanical injury, they were transferred to the recording chambers. The neurons were randomly chosen for the subsequent electrophysiological recording and MS analysis. We approached the neuron using a micromanipulator (MP-285, Sutter) and patched the neuron with borosilicate glass pipettes filled with pipette solution (NH 4 HCO 3 185 mM and NH 4 Cl 80 mM) by applying negative pressure. The neurons were clamped at -70 mV after the patched cell membrane was broken by rapidly applied negative pressure. After the electrophysiological data were recorded, the cytoplasmic chemical constituents were obtained from the assayed neuron by applying negative pressure. Only neurons with tightly held seals (> 1 GU) and nonruptured membranes were selected for analysis, avoiding the dilution of intracellular fluid by aCSF. Once a sufficient amount of fluid was withdrawn from the cell, the patch pipette was quickly removed from the slice and then assayed via MS. An AC voltage with an amplitude of 4 kV at $500 Hz was applied outside of the spray capillary micropipette. The tip of the spray micropipette was kept $5 mm away from the orifice of the MS instrument. High resolution mass measurements were analyzed using an Exactive plus MS instrument (Thermo Fisher Scientific, San Jose, CA, USA). Its main experiment parameters were set as follows: Capillary temperature, 275 C; S-lens radio frequency (RF) level, 50%; mass resolution, 70,000; maximum inject time, 10 ms; and microscan, 1. Other MS experiments were conducted with a LTQ Velos Pro. MS instrument (Thermo Fisher Scientific, San Jose, CA, USA). MS parameters were capillary temperature 275 C, S-lens RF level 42%, maximum injection time 300 ms, and microscan 1. Chemical structure were confirmed by tandem MS using LTQ Velos Pro. MS instrument based on collision-induced dissociation (CID) with helium (He) as background gas at 28% energy. Commercial electrospray ionization (ESI) source was removed before our experiments. Positive ion mode was used in our experiments.
C-Isotope Tracing Experiments
To trace HIS metabolism, 1-13 C-HIS was added into aCSF at a final concentration of 3 mg/ml. After the mouse brain slices (coronal or sagittal planes) recovered from mechanical injury, they were transferred to oxygenated aCSF with or without 1-13 C-HIS and incubated for 1 h at room temperature. After the mouse slices incubated with aCSF containing 1-13 C-HIS, they were washed three times with oxygenated aCSF at room temperature and then transferred to the recording chambers. Other experimental procedures were the same as those for single-neuron MS.
To trace UCA metabolism in vivo, we intravenously (i.v.) injected 1,2,3-13 C 3 -UCA (20 mg/kg, 2.5 mg/ml) diluted in saline into the mice 30 min before serum/CSF collection and brain slices preparation. Saline is the corresponding vehicle solution. All the collected samples were analyzed using MS. All drug treatment or control groups were blinded from experimenters.
Calibration Curves of UCA Estimations of intracellular UCA levels in neurons were calculated from calibration curves with external UCA standards at concentrations ranged from 1 mM, 10 mM, 100 mM and 300 mM with three replicates per concentration point. All calibrations were obtained with artificial intracellular solution: potassium gluconate 130 mM, NaCl 6 mM, ethylene glycol-bis(b-aminoethyl ether)-N,N,N 0 ,N 0 -tetraacetic acid (EGTA) 11 mM, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 10 mM, CaCl 2 1 mM, NaOH 4 mM, MgCl 2 1 mM, Mg-ATP 2 mM and Na-GTP 0.2 mM (pH was adjusted to 7.3).
Lentivirus Production and Transduction
HEK293T cells in a 10-cm plate were seeded at 70% confluence 1 day before transfection. The cells were transfected the next day at 85% confluence with 6 mg of plasmid containing Uroc1 shRNA or control shRNA, 6 mg of pRSV-Rev, 6 mg of pMDLg/pRRE and 3 mg of pMD2.G (Addgene) together with 21 mL of Lipofectamine 2000 (Invitrogen). The medium was replaced 10 h after transfection. Viral supernatant was harvested 70 h post-transfection, filtered with a 0.45-mm filter (Millipore), and centrifuged for 2.5 h at 30,000 g 4 C. After centrifugation, the supernatant was removed and the pellet was resuspended with 20 mL of PBS containing 10% FBS and 8 mg/ml polybrene and stored at À80 C.
RNA Interference
Small interfering RNA (siRNA) were used for histidase knockdown. HEK293T cells were co-transfected with either targeting siRNA or control siRNA (Genepharma) and histidase overexpressing plasmid (OriGene) using lipofectamine 2000 reagent for 48 h. For knockdown of urocanase, IPPAnase or FTCD, short hairpin RNA (shRNA) plasmid constructs (Hanbio) were co-transfected with overexpressing plasmids of urocanase, IPPAnase or FTCD (OriGene) into HEK293T cells for 48 h. The subsequent western blotting analysis were performed to validate the knockdown efficacy of siRNA or shRNA. The most efficient shRNA plasmid construct was used to package AAV virus (Hanbio) for in vivo knockdown of urocanase, IPPAnase or FTCD. Several independent siRNA duplexes or shRNA plasmid constructs were used and the sequence were listed in Table S2 .
Synaptosomal Preparation
Mouse brain synaptosomes were prepared as previously described (Kamat et al., 2014) . Briefly, the mice were anaesthetized and perfused with ice-cold saline. The brain was removed and kept on ice-cold 0.32 M sucrose HEPES buffer (NaCl 145 mM, KCl 5 mM, CaCl 2 2 mM, MgCl 2 1 mM, glucose 5 mM, HEPES 5 mM, pH 7.4) supplemented with protease inhibitor cocktail. Tissue was homogenized using a Dounce homogenizer and the homogenate was centrifuged at 800 g, 4 C, 10 min to collect the supernatant (S1). The supernatant (S2) containing cytosol was collected for electrophoresis after the S1 was centrifuged at 10,000 g, 4 C, 20 min. The pellet (P2) containing synaptosomes were suspended in 0.8 M sucrose HEPES buffer solution and further centrifuged at 20,000 g, 4 C, 30 min. The pellet was washed in HEPES buffer twice and were suspended in lysis buffer solution (Tris 50 mM, NaCl 150 mM, 1% NP-40, 0.5% Sodium dexyocholate supplemented with protease inhibitor cocktail as the synaptosome). The synaptosomal preparation was used for western blotting analysis.
Western Blotting HEK293T cells co-transfected with overexpressing plasmids and shRNA plasmids were collected and lysed in lysis buffer solution. Mouse brain tissues were homogenized and sonicated followed by centrifugation at 10,000 g, 4 C for 30 min. The supernatants were diluted 1:1 with laemmli 2X sample buffer and denatured at 99 C for 10 min. The samples were separated on 12% SDS/PAGE gels. After electro-transferring to a 0.45 mm PVDF membrane, the membrane were blocked in 5% BSA and blotted with following antibodies: anti-HAL (Abcam, 1:500), anti-UROC1 (Novus, 1:250), anti-AMDHD1 (Sigma, 1:250) and anti-GAPDH (Millipore, 1:40000). HRP-conjugated secondary antibodies and chemiluminescent substrate (Thermo Fisher) were used to detect signals.
Brain Tissue Preparation and Immunohistochemistry
Mice (N = 3) were deeply anesthetized by intraperitoneal (i.p.) injection of pentobarbital (40 mg/kg), and then perfused with chilled PBS, followed by 4% paraformaldehyde (PFA) in PBS. Brains were removed and immersed in the same fixative solution (4% PFA in PBS) overnight, then were subsequently incubated in 30% (wt/vol) sucrose in PBS for 24 h at 4 C. Sagittal brain sections 40 mm thick were prepared using a cryostat (CM 1860, LEICA Microsystems) at À20 C and collected into a 12-well plate. After a PBS wash (three times within 5 min), sections were incubated for 20 min in 3% peroxide mixed in methanol in order to inactivate the endogenous peroxidase. Sections were incubated with 0.3% Triton X-100 and 5% normal goat serum in PBS. After 40 min of blocking, the sections were incubated with rabbit anti-Histidase antibody (1:200, ab154063, Abcam), anti-urocanase antibody (1:200, NBP1-93883, Novus), or anti-IPPAnase antibody (1:200, HPA039720, Sigma) in PBS for 24 h at 4 C. On the following day, the sections were washed in PBS and incubated with biotinylated goat anti-rabbit (1:1000, PK-6101, Vector Laboratories) for 2 h. After a PBS wash, sections were reacted with avidin-biotin complex (ABC, PK6101, Vector Laboratories) for 30 min. Brain sections were washed with PBS and collected on gelatin-coated slides, air-dried. Slides were incubated with 3,3 0 -diaminobenzidine (DAB, SK-4100, Vector Laboratories) for 2-4 min before a distilled-water wash. Slides were dehydrated in alcohol gradient (90, 95, 100%), immersed in xylene, mounted with Neutral Balsam (E675007, Sangon Biotech). All the incubations were done at room temperature, unless mentioned otherwise.
Fluorescent in Situ Hybridization (FISH) Experiment
For FISH, the detected fragment of mouse urocanase cDNA was cloned into pEASY-T3 with the pair of primers provided in the Key Resources Table. Probes were prepared with DIG RNA Labeling Mix (Roche) by in vitro transcription with T7 or SP6 polymerases. Frozen sections with 15 mm thick were collected on PLL-coated slides, then further fixed in 4% PFA/ PBS for 10 min, subsequently washed with DEPC-PBS for 10 min, and then treated with 3% H 2 O 2 to block the endogenous peroxidase activity. After that the slides were treated with 0.5% Triton X-100/DEPC-PBS for 20 min, at last acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0). After acetylation, the sections were prehybridized for 2 h at 60 C, and then hybridized for with either scrambled or positive probe for 16 h at 60 C. After washing twice in 2 3 SSC at 60 C for 15 min each, the samples were treated with 5 mg/ml RNase A at 37 C. They were sequentially washed twice in 0.2 3 SSC at 60 C for 30 min each. Probes were detected by standard method using anti-Digoxigenin-POD Fab fragments (Roche) and TSA-Plus Cyanine 3 system (PerkinElmer).
Detected sequence: gaactggacacaacgggggaactcttggtggacctcgggtcagaccagacatcctgtcacaacccgttcaatggcggctactaccctgtgcagctcagcttctcagaggcc cagagcctcatgtcctccaaccctgctgccttcaagcacctggtgcaggaaagcctgaggaggcatgtcgcagccatcaacaggttggcccaagagaagttcttcttctggg actatggtaatgccttcctcttggaggctcagagagcaggagcagatgtagagaagaaaggagccaacaagatggagttccgctacccctcctatgtccagcacattatggg ggatatattctcccagggctttgggcccttccgctgggtatgcacatcaggggacccccaggacctggctgtcactgatcatctggccacatctgtactggagaaagccattg ctgatggagtgaaggcatctgtgaagctacagtatatggataatatacgctggatccgagaggctgccaagcatcagctggtggtgggctcccaggcaaggatcctgtactc agaccagaaaggccgtgtggccattgctgtggccattaaccaggccatcgccagtgggaagatcaaggcaccagtggtcctgagccgtgaccaccatgatgtgagtggca ctgacagccccttcagggagacttcgaatatttatgacggttctgccttctgcgcagacatggccgtgcagaacttcgtgggagatgcctgtcgtggtgccacctgggttgcac ttcacaatggagggggtgtaggctggggtgaagtcatcaatgggggatttggccttgttctagatggaactgcagaggctgagcagaaagccaggatgatgctcagctggga tgtctccaatgg.
Magnetic Resonance Imaging Experiments
Male mice aged 8-10 weeks were used. The integrated animal/MRI facility at high magnetic field laborary allowed for the measurements to be taken without requiring the mice to be euthanized at the end of experiment, and all animals were returned to the animal facility after they had fully recovered from the experimental procedures.
All magnetic resonance imaging (MRI) experiments were performed on a 9.4 Tesla 40-cm horizontal bore MR spectrometer (Agilent Technologies, Santa Clara, CA, USA). The animals were placed in a prone position on a specially designed cradle and inserted into the magnet. A home-built radiofrequency (RF) coil were used for both RF transmission and signal detection. Mice were anaesthetized with isoflurane (3.5% induction, 1.5%-2.0% maintenance in air/O 2 2:1) for the duration of the scan (approximately 2.5 h). Respiratory rate and rectal temperature were monitored throughout the experiment with a physiologic monitoring unit (model 1030; SA Instruments, Stony Brook, NY), and the body temperature was maintained at 36.5 C with a homemade heating pad. Reference T 2 -weighted images were acquired, from which the spectroscopic region of interest were determined in the cortical M 2 area as well as the HPC CA3 area. Subsequently, the i.v. injection of UCA (20 mg/kg, 2.5 mg/ml diluted in saline) began at a constant rate of 100 ml/min through the tail vein with a syringe micro-pump, and the procedure was completed within 2 min. MR spectra were acquired at 0 min, 20 min, 40 min, 60 min, 80 min and 100 min post-injection of UCA solution.
T 2 -weighted MR images were acquired using a fast spin echo sequence with a repetition time (TR) of 5000 ms, echo spacing = 10 ms, echo train length (ETL) = 4; additionally, localized proton spectra from the M 2 and HPC regions outlined on the T 2 -weighted images were acquired using the following parameters: effective echo time ( Typical spectra line widths for water resonance after 3D shimming were approximately 20 Hz.
Electrophysiological Recording
Slices were transferred into the recording chamber continuously perfused at 3-4 ml/min with aCSF at 28 C. Neurons were visualized using a fixed-stage microscope (BX50WI, Olympus, Tokyo, Japan) with differential interference contrast and infrared illumination. We obtained all whole-cell voltage clamp mode recordings using borosilicate glass pipettes (5-7 MU) filled with internal solutions. The internal solution (pH 7.2) for excitatory postsynaptic currents (EPSC) recording contained K-gluconate 145 mM, HEPES 5 mM, Mg-adenosine triphosphate (ATP) 5 mM, Na-guanosine 5 0 -triphosphate (GTP) 0.2 mM, and EGTA 10 mM. The miniature excitatory postsynaptic currents (mEPSCs) were recorded with a holding potential of À70 mV and PTX (100 mM), which was used to block the inhibitory neurotransmitter receptors (GABA A and glycine receptors), diluted with aCSF. For mEPSC experiments, brain slices from C57BL/6J mice expressing pAAV-mCamKIIa-hChR2(H134R)-EGFP in M 2 or HPC CA3 were cut for ChR2 stimulation test. Dorsal striatum neurons or HPC CA1 neurons were recorded with single optical stimulation of GLU M2/DS or GLU CA3/CA1 projecting axons, respectively. Only neurons respond to a 473-nm laser (AniLab-Opto, 10 mW/mm 2 ) were selected for the following tests. The mEPSCs were collected after TTX (final concentration: 0.5 mM) was added to the bath perfusion. To measure presynaptic glutamate release of M 2 -DS or HPC CA3-CA1 circuit, the multiple probability fluctuation analysis was used as previously described (Scheuss and Neher, 2001; Silver, 2003; Suska et al., 2013) . Briefly, a train of five light pulses at 20 Hz frequency and 5-ms duration was used to stimulate the ChR2-expressing axons every 10 s. 50-100 evoked EPSCs were recorded at five release probability conditions. Experimental results were discarded if the series resistance varied by more than 15% or exceeded 25 MU.
AMPA/NMDA Ratio Measurement
To evoke EPSC currents in hippocampal CA1 pyramidal neurons, Schaffer collateral was stimulated using a concentric circular electrode every 20 s. PTX (100 mM) was diluted with aCSF to block the inhibitory neurotransmitter receptors (GABA A and glycine receptors). CA1 Pyramidal neurons were voltage-clamped at À70 and +40 mV to record AMPAR-mediated and NMDAR-mediated currents respectively. For each neuron, the total 10 sweeps of AMPAR and NMDAR-mediated currents were recorded and the average value of currents were then calculated. The NMDAR-mediated current was measured at 50 ms after the stimulation. The AMPAR-mediated current was measured as the peak value. Then, the AMPA/NMDA ratio was calculated by dividing average AMPA EPSC by NMDA EPSC.
Stereotaxic Surgery, Cannula Placement and Microinjection Mice were anaesthetized with pentobarbital sodium (i.p., 0.5%, 0.01 ml/g) and placed on a stereotaxic apparatus (68015, RWD Life Science, China). Ophthalmic ointment was applied to prevent the eyes from drying. A midline scalp incision was made, and a craniotomy was drilled above each cannula implantation or injection site. For local drug infusion, guide cannula (62001, RWD) were implanted into lateral ventricles (anteroposterior, A/P: À0.3 mm; medio-lateral, M/L: À1.0 mm; dorsoventral, D/V: À1.8 mm). The glycyl-glycine (GG) was dissolved in saline (13.2 mg/ml, 0.9% NaCl). Thirty min before the experiment, infusion needles attached to 10 mL syringes were inserted into the guide cannula, and 1 mL of GG solution was delivered within 2 min. For lentiviral shRNA or pAAV-mCamKIIa-hChR2(H134R)-EGFP injection, glass micropipette attached to 10 mL syringes were placed bilaterally into the M 2 cortex (A/P: +1.3 mm; M/L: 0.7 mm; D/V: À0.8 mm) or the CA3 region of the hippocampus (A/P: À1.7 mm; M/L: 2.2 mm; D/V: 2.25 mm), and 0.5 mL of virus was infused per side at a rate of 50 nl/min using a pump (Legato130, KD Scientific). Mice were allowed to recover for 2 weeks before behavioral tests or electrophysiological recordings. For fluorescence imaging, we injected 0.5 mL of AAV-CAG-EGFP (1.6 3 10 8 vg/ml, Obio Technology) into the CA3 and waited 3 weeks
Immunofluorescence after Intracerebroventricular (ICV) administration of GG For NeuN immunofluorescence, after 2-h ICV injection of GG or saline, male C57BL/6J mice from both groups (N = 3 mice each group) were deeply anesthetized by pentobarbital (i.p., 40 mg/kg), and then perfused with chilled PBS, followed by 4% PFA in PBS. Brains were collected and immersed in 4% PFA in PBS overnight, then were subsequently incubated in 30% (wt/vol) sucrose in PBS for 24 h at 4 C as above described. Coronal brain sections (40 mm) were prepared using a cryostat (CM 1860, LEICA Microsystems) at À20 C and collected into a 12-well plate. After a PBS wash (three times within 5 min), sections were incubated for 20 min in PBS containing 10% goat serum and 0.3% Triton X-100.Then slices were incubated with mouse anti-NeuN antibody (1:200, Millipore) at 4 C overnight. The slices were then incubated with goat anti-mouse secondary antibody conjugated with alexa 568 (1:1000, invitrogen) for 1 h at room temperature. After washing with PBS for three times, slices were sealed for imaging. Immunofluorescence-labeled images were examined by confocal microscopy (LSM 880, Olympus).
Motor Learning
We used the rotarod training system (XR1514, Xinruan, Shanghai, China) to test the motor skill learning of mice as previously described (Hirata et al., 2016; Wikgren et al., 2012) . Before the first training sessions, the mice were habituated to stay on a stationary rod for 2 min. To assess motor learning, a total of six trials for the rotarod test were carried out using an accelerating protocol from 4 to 60 rpm in 300 s with 20-min inter-trial intervals. Three training sessions every day were performed for 2 days. After falling, the mice were immediately placed back to their home cages, and the time to fall was automatically recorded by the rotarod software. The mice were taken from the rod and the latency was recorded as 300 s, if stayed on the rotarod more than the full 300 s of a trial. The apparatus and testing area were cleaned with 75% ethanol, when the trials were finished.
Novel Object Recognition
Novel object recognition methods have been described previously (Leger et al., 2013; Zurkovsky et al., 2013) . Briefly, the open-field apparatus consisted of an acrylic chamber (40 3 40 3 30 cm). Two different objects were prepared in duplicate: towers of Lego bricks (12.5 cm high, 2.5 cm deep and 7.5 cm wide, built from blue, yellow, red and green bricks) and Falcon tissue culture flasks (15.5 cm high, 3.5 cm deep and 9 cm wide, transparent plastic with an orange bottle cap). The objects were placed 5 cm away from the walls and attached to the floor. Mice were tested during the dark phase (active phase between 7:00 p.m. and 7:00 a.m.). Before training, mice were placed in the training room for 30 min. During the familiarization session, mice were allowed to freely explore two identical objects (Lego bricks) placed into the arena at fixed locations for 3 min. The ANY-maze video-tracking system (Stoelting, Wood Dale, USA), which is based on nose-point detection, was used to record the time spent exploring objects. Active exploration was defined as mice sniffing or touching the object when the gap between the nose and the object was less than 2 cm. Climbing over the object or gnawing the object was not considered as exploratory activity. At the end of the test, each mouse was returned to its home cage, and the chamber and objects were cleaned using 75% ethanol, then air-dried for 3 min. After an intersession interval (ISI) of 2 or 24 h, one of the familiar objects was replaced by a novel object (Falcon tissue culture flasks). The location of the novel object (left or right) was randomized among the mice and the groups tested. Object preference was calculated by using the following formula: preference % = (time to explore the individual object/total exploration time for both objects) 3 100%). Data were excluded if the total of exploration time was less than 10 s.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software). Paired and unpaired two-tailed Student's t tests were used to compare difference between treatment and control groups and P values were plotted (p < 0.05 was considered as statistically significant difference). Results are expressed as mean ± SEM (standard error of the mean). The number (N) of mice or cells, the statistical approaches used and statistical significance are indicated in the Figures and Figure legends . For single-neuron MS and electrophysiological recording experiments, N = number of neurons collected from at least 3 mice. For mouse serum or CSF experiments, western-blot, immunohistochemistry and behavioral experiments, n = number of mice. Sample sizes were determined based on previous experience. No statistical methods were used to predetermine sample size. The main authors of this manuscript re-calculated independently all the results of every experiment. All the data collected from control and experimental groups in our experiments were analyzed blindly. More information concerning data quantification and analysis for different experiments can be found below.
MS Data Analysis
Metabolites identification was based on high resolution mass measurements, isotopic profiles and matching tandem mass spectral data from endogenous substances with chemical standards when available. For high resolution mass measurements, to exclude data with faulty assignments, mass deviation was set lower than 15 ppm. 
MR Spectra Analysis
All MR spectra were processed using the jMRUI time domain analysis software package (http://www.jmrui.eu/ welcome-to-the-new-mrui-website/). Preprocessing steps consisted of exponential apodization at 5 Hz, Fouriers transformation and phase correction of the transformed spectrum. The chemical shifts of metabolite peaks were referenced to the N-acetylaspartate CH 3 -group at 2.02 ppm. AMARES (advanced method for accurate, robust and efficient spectral fitting) (Vanhamme et al., 1997) , a widely used quantitation tool for MRS data, was employed to fit the spectra and quantify the GLU signal, using the none-suppressed water peak in spectra as intensity reference to quantify metabolite concentration (Mon et al., 2013) .
Electrophysiological Data Analysis
The electrophysiological data were acquired using an Axon MultiClamp 700B amplifier (Molecular Devices, AXON), filtered at 3 kHz and digitized at 10 kHz using an Axon Digidata 1500A digitizer combined with pCLAMP 10.4 software. Data detection was accomplished using Mini Analysis software. For variance-mean analysis (multiple probability fluctuation analysis), 50-100 light-evoked EPSCs were averaged and variance of peak EPSCs was calculated. Variance plotted against the mean amplitude of EPSCs for each eliciting condition. We used a binomial model to calculate the following parameter as described previously (Suska et al., 2013) .
Fitting curve indicated that the variance (s 2 ) of EPSC amplitudes has a parabolic relationship with I. Quantal size (Q) is equal to the slope of the best fit line in a synapse with low release probability (Pr). The number of synapses (N) and Pr were calculated with [S1] and [S2]. Neurons not fitted were discarded for data analysis.
Western Blot Analysis
The intensity of the bands revealed in western blot photographic films was quantified using the gel quantification plugin on ImageJ software. Absolute values were normalized to the intensity of loading control (GAPDH) bands from the same samples. Results are expressed as the normalized values of band intensity relative to GAPDH.
Immunofluorescence Analysis
For all Immunofluorescence quantifications, at least 3 to 6 coronal brain slices per mouse from at least 3 independent mice were analyzed. Serial sections of several brain regions were immunostained and the number of NeuN-positive neurons in the field of view (FOV) was counted by ImageJ software. (V and W) The normalized intensities of intracellular UCA, IPPA, FMGA and GLU in neurons from HPC of mice after intracerebroventricular (ICV) injection of glycylglycine (GG) (2.6 mg, 1 ml) or saline (1 ml). These mice received intra-HPC injection of AAV-shRNA against urocanase (0.5 ml/side, 1.3 3 10 12 vg/ml) (V) or random control shRNA (shRandom, 0.5 ml/side, 1.6 3 10 12 vg/ml) (W) 3 weeks before single-cell MS tests. vg, vector genomes. All data were normalized to their respective controls (ICV saline group).
Supplemental Figures
(X-BB) Effects of ICV injection of GG on the basic electrophysiological properties of HPC neurons. The resting membrane potential (X), resistant input (Y), action potential amplitude (Z), action potential threshold (AA) and action potential frequency (BB) of neurons in HPC slices from mice after ICV injection of GG (2.6 mg, 1 ml) and saline (1 ml).
(CC-II) Immunocytochemical examination of NeuN-positive neurons in different brain regions after 2-h ICV injection of GG. (CC-HH) Sample photomicrographs of NeuN staining from saline-treated (left) and GG-treated (right) mice. Five brain regions were exhibited and the NeuN+ neurons were counted in the field of view (FOV, 300 mm x 300 mm). Scale bar = 100 mm. (II) Cell counting of NeuN+ neurons displayed no difference between saline-treated and GG-treated mice in the above regions. Th: thalamus; HT: hypothalamus; Au1: primary auditory cortex; S1: primary sensory cortex.
(JJ and KK) Effects of ICV injection of GG on intracellular level of metabolites related to neuronal health (JJ) and other GLU biosynthetic pathway (KK) in HPC neurons. The normalized intensities of intracellular ATP, pyruvate, GLN and GABA in single neurons from the HPC of mice after ICV injection of GG (2.6 mg, 1 ml) or saline (1 ml). All data were normalized to their respective controls (ICV saline group).
(LL-NN) Representative MS/MS spectra of HIS (LL), UCA (MM) and GLU (NN) in single HPC neurons with or without preincubation of HIS (0.2 mg/ml, 1 h) or GG (0.13 mg/ml, 2 h).
(OO and PP) Representative MS/MS spectra of UCA (OO) and GLU (PP) in single HPC neurons with or without preincubation of UCA (0.7 mg/ml, 20 min) or GG (0.13 mg/ml, 80 min). All digits within the columns represent numbers of total neurons measured from 3 mice. Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001, ns, not significant (p > 0.05) based on unpaired t test. (A) Quantitative frequency of mEPSCs of CA1 neurons from mice with or without mock-UV, UVB exposure and ICV injection of GG (2.6 mg, 1 ml).
(B) Quantitative frequency of mEPSCs of CA1 neurons from mice with or without mock-UV, UVB exposure and intra-HPC CA3 injection of AAV-shRNA (0.5 ml/side, 1.3 3 10 12 vg/ml) against urocanase or random control shRNA (shRandom, 0.5 ml/side, 1.6 3 10 12 vg/ml). vg, vector genomes.
(C and D) Effects of UVB exposure on number of synapses (N) (C) and release probability (Pr) (D).
(legend continued on next page) 
